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Abstract: A plasmonic structure with transmission highly tunable in the mid-infrared spectral 
range is developed. This structure consists of a hexagonal array of metallic discs located on 
top of silicon pillars protruding through holes in a metallic Babinet complementary film. We 
reveal with FDTD simulations that changing the hole diameter tunes the main plasmonic 
resonance frequency of this structure throughout the infrared range. Due to the underlying 
Babinet physics of these coupled arrays, the spectral width of these plasmonic resonances is 
strongly reduced, and the higher harmonics are suppressed. Furthermore, we demonstrate that 
this structure can be easily produced by a combination of the nanosphere lithography and the 
metal-assisted chemical etching technique. 
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
1. Introduction 
Complementary vertically coupled plasmonic arrays (VCPAs) were first studied by Li et al. 
[1]. In general, these VCPAs have a structure that can be described as two displaced, 
complementary plasmonic slabs. These plasmonic slabs consist of (i) a plasmon active metal 
film with submicron sized and periodically ordered perforations, and (ii) complementary, 
periodically ordered plasmon active antennas. Typically, the size and shape of the discs are 
exactly complementary to the voids in the perforated film, though there exist examples of not 
strictly complementary VCPAs [2,3]. The geometrical dimensions of these systems dictate 
and enable a designed complex optical response. Whereas the displacement of the two slabs 
determines their coupling strength, the resonance is also greatly influenced by the perforation 
size and shape, the array period (pitch), as well as by array symmetry. Matching the 
geometric dimensions carefully, a spectral window of extraordinarily optical transmission 
(EOT) can be engineered [4–7]. The effect is based on the fundamental surface plasmon 
excitation of periodically perforated thin metal films [4]. Several potential applications have 
been proposed. For instance, the underlying physical phenomena governing the optical 
response of VCPAs have been exploited in the context of color printing, where individual 
color pixels can be fabricated beyond the diffraction limit [8–11]. Furthermore, VCPA were 
used as plasmonic sensors for surface enhanced Raman spectroscopy [1,12,13], surface 
enhanced infrared spectroscopy [14], surface enhanced fluorescence spectroscopy [15] and 
plasmonic refractive index sensing [2,3,16]. Often, VCPAs with anisotropic structure are used 
which exhibit polarization dependency in their optical response [9,14,17]. In general, the 
VCPAs reported to date were commonly fabricated using very sophisticated lithography 
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methods such as electron beam lithography [1,10,11], which is associated with high costs, 
low throughput and small obtainable areas. 
Here, we investigate vertically coupled Babinet complementary VCPAs, and explore their 
optical properties in the infrared (IR) frequency range, including mid-IR. The simulation of 
the electromagnetic response is achieved with the Finite Difference Time Domain (FDTD) 
code, and enables prediction of an EOT window by controlling geometrical parameters of the 
arrays. Our proposed structures can easily be fabricated combining the nanosphere 
lithography (NSL) and metal assisted etching techniques [18,19]. An important advantage of 
this design is that it avoids the use of infrared absorbing polymers and ceramics, which 
otherwise superpose with signals in the desired frequency range. Due to the nature of the 
Babinet complementary arrays, higher harmonics of the resonances are suppressed, which is 
an attractive feature for smart window applications. 
2. Materials and methods 
2.1. Sample fabrication 
To test the feasibility of the NSL sample fabrication [20], we made a prototype of the 
proposed Babinet VCPA structure. Fabrication steps are sketched in Fig. 1(a)–(c). First, a hcp 
monolayer of polystyrene (PS) particles (784 nm diameter) is assembled on an undoped 
silicon wafer, using the technique described in [19]. Next, the PS particle diameters are 
reduced to 642 nm in an oxygenated plasma, while maintaining their position. This process is 
highly dependent on the employed plasma parameters [21]. The non-closed packed array of 
shrank PS spheres is then used as a template to deposit 20 nm gold, with a home-build 
physical vapor deposition system at 10−6 mbar, and subsequently the PS particles are removed 
by ultrasonication in toluene. The schematic of the resulting structure is shown in Fig. 1(a) 
and in the SEM picture in Fig. 1(d). Then, the hole array undergoes metal assisted chemical 
etching in a 2:5:12 H2O2 (35%):HF(40%): H2O solution, where the length of the hexagonally 
ordered silicon nanopillars can be varied by the etching time [22–24]. The resulting structure 
is a gold film, with an array of circular holes caused by the protruding silicon pillars (Fig. 
1(b) and Fig. 1(e)). Finally, the array is coated with an additional 30 nm thick layer of gold, 
yielding a complementary array of discs on top of the pillars (Fig. 1(c)). Figure 1(f) shows an 
SEM image of such a fabricated structure. 
2.2. Simulations 
FDTD simulations of the sample transmission were performed with the software package 
MEEP [25]. A broadband gaussian pulse is used to probe the transmitted flux, whereas the 
transmittance spectra are normalized to the incident light. The employed geometry represents 
the hexagonal VCPA obtained experimentally. The array period/pitch is a, disk diameter (also 
equal to the perforation diameter) is d, and the silicon pillar height (equal to the array 
displacement) is h. The source plane is placed inside the silicon, and the transmittance flux 
plane on the opposite side of the interface. The structure was periodically extended using the 
periodic boundary condition (PBC), whereas artificial absorber layers hinder unwanted back 
reflections. The dielectric function of the gold was taken from Ref [26], and the silicon 
substrate was modeled dispersionless, with the refractive index of 3.4n = . The thickness of 
the gold film was set to 50 nm for the hole array slab, and 30 nm for the disk slab. 
2.3. Sample characterization 
Fourier Transformed Infrared Spectra (FTIR) were measured with a Hyperion 2000 (Brurker) 
infrared microscope equipped with a 15× , 0.4 NA Schwarzschild objective and connected to 
a 80V Vertex (Brurker) spectrometer. Transmission spectra were taken with 40 kHz mirror 
velocity and 250 spectra were averaged of 100 100 m mμ μ×  area to obtain the final result. 
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3. Results and discussion 
A schematic diagram depicting the sample fabrication is shown in Fig. 1, and representative 
Scanning Electron Microscopy (SEM) images of VCPA structures taken at a 30° angle (Fig. 
1(f)) and from cross-section view with two different pillar heights/lengths are shown in Figs. 
2(a) and 2(b). Pillar length fluctuations are visible and affect the FTIR spectra shown in Fig. 
2(c), by significantly broadening the resonant transmission peaks, as compared to simulations 
which assume no pillar length fluctuations. However, the shown simulated peak shifts for 
shorter (75 nm) and longer (85 nm) pillars strongly suggest the inhomogeneous nature of the 
experimental peak/line broadening. The average maximum locations agree well with the 
experimental result. An additional broadening is due to the fact that the deposited metal was 
not fully crystalized, while the gold data used in simulations were taken from Ref [26]. based 
on well-crystallized Au samples. Similar differences between simulated and measured spectra 
occur for other VCPA structures. The simulation model and main simulation results are 
shown in Fig. 3. Figure 3(b) shows the optical response of the studied Babinet VCPAs in 
respect to the variations of d, while 784 nma =  and 200 nmh =  were fixed. Pronounced 
transmission peaks are observed, with a significant red shift with increasing disk diameter, 
and almost constant transmission intensity. This relationship is consistent with reports for 
VCPAs in cubic symmetry [6], and can also be observed in periodically perforated thin metal 
films [5]. Furthermore, a shoulder on the transmission peak can be observed at the low 
wavelength side [27]. To investigate the origin of this feature, we performed additional 
simulations of the reference systems, which we discuss in more detail below. 
 
Fig. 1. (A – C) Schematic presentation of the processing steps in the VCPA fabrication. (D) 
SEM image of the gold hole array, (E) after metal assisted etching and (F) after VCPA 
formation. 
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 Fig. 2. (A - B) SEM images of the cross-sections of two fabricated VCPA structures, with 
different pillar heights. (C) Normalized experimental (FTIR) result for one of our VCPA 
structures is shown as a solid blue line. Red and green solid lines are for our FDTD simulated 
results. 
Transmittance spectra for varying array pitch a, while 200 nmh =  and 627 nmd =  were 
kept constant are shown in Fig. 3(c). Clearly, the location of the main peaks is almost 
unchanged by the variation of a, with only a small redshift for a approaching d [28]. Figure 
2(d) shows the dependence of the transmittance on the pillar height h, while 784 nma =  and 
627 nmd =  are fixed. The main result is that a significant red shift of the plasmonic 
resonance occurs for small 1 50 nmh < . This red shift is a result of increased plasmonic 
coupling between the arrays, similar to the gap size dependent resonance of plasmonic dimers 
[28]. For 200 nmh >  a shoulder appears at shorter wavelength next to the plasmonic 
resonance. Because dλ >> , a simple long wavelengths, effective medium approach can be 
used to obtain a qualitative understanding of the spectra. The complicated structures (arrays) 
can be simply viewed as uniform layers with some effective dielectric functions. In the 
simplest version of this approach, one could use only two, decoupled separate layers: the 
discs, and the film of complementary holes. Then, the response of the complementary array 
on holes could be obtained simply from the Babinet’s principle, which says that the 
corresponding transmittances obey the following relation [29]: 
   1 disc holesT T+ =  (1) 
Since in the effective medium limit both layers can be considered uniform, one can write the 
total transmittance through the bi-layer as [29] 
 ( ) ( )21disc holes disc disc disc discT T T T T T T= = − = −  (2) 
where we eliminated Tholes by using Eq. (1). In the range where Tdisc is small, Eq. (2) leads to a 
rough estimate discT T≈ , i.e. the total transmittance of the bilayer is dominated by the 
behavior of the discs. For example, the resonances in Fig. 3(b) can be understood in terms of 
the surface plasmon “whispering gallery” modes, induced on the circumferences of the discs, 
similarly to those observed by Peng et al. [30]. Since the mid-IR wavelengths lie well above 
of the surface plasmon saturation wavelength of gold (~500 nm), the resonating surface 
plasmons are in the retarded limit, i.e. their dispersion closely follows the photon light line 
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[29]. Therefore finally, after ignoring the inter-disc interaction, we find the following estimate 
of the wavelengths at the transmittance maxima 
 max pl dλ λ π ε≈ =  (3) 
Where λpl is the wavelength of the surface plasmon, and the background dielectric constant is 
( )1 / 2Siε ε≈ + . As shown in Fig. 4, this very rough estimate (linear dependency of the peak 
positions on d) agrees well with the simulated results. 
 
Fig. 3. (A) Crosssection of the computational cells in the FDTD simulation. The inset shows 
the top view of the simulation cell. (B) Transmittance spectra for different d, and fixed 
200 nmh =  and 784 nma = . (C) Transmittance spectra for different a, and fixed 200 nmh =  
and 627 nmd = . (D) Transmittance spectra for different h, and fixed 784 nma =  and 
627 nmd = . 
The approximate analysis above implies that the Babinet complementary arrays do not 
interact. While this assumption captures qualitatively the main physics, due to the very short 
pillars (ultra-short inter-array distance), some interaction is present. In addition, the pillars are 
made of strongly polarizable medium, and thus can sustain modes by themselves. These 
additional effects can be treated numerically, and we have performed a series of FDTD 
simulations for various systems containing our Babinet complementary arrays. Firstly, we 
simulate separately the arrays of discs and holes on a flat Si surface, to test Eq. (1). Figure 5 
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shows that indeed, apart from the shift resulting from Si reflection, the disc and hole array 
transmission spectra have the characteristic anti-symmetric character, with the transmission 
maxima (minima) of hole array, occurring at transmission minima (maxima) of the disc array, 
respectively. This is the characteristic behavior of the Babinet complementary arrays, as 
discussed in detail in [29]. 
 
Fig. 4. Comparison between simulated and estimated plasmon resonance position. 
Next, we consider the arrays of pillars with various metal arrangements. Figure 6 shows 
the results for structures with various pillar diameters d. Similar results for varying a and h 
are given in the appendix. Figure 6(a) shows spectra of the Si pillars alone, without any 
metallic layers. The spectrum is free of resonances for large wavelengths, but contains 
multiple resonance peaks below 2500 nm wavelengths. These peaks are due to the lattice 
periodicity, as can be verified by changing a (appendix). Figure 6(b) shows transmittance 
spectra for the same array of pillars, but with gold discs on their tops and no metal below, 
between pillars. These spectra resemble those in Fig. 6(d), which are for the complete 
structure of the coupled hole-disc arrays. This validates the approximate result derived above 
discT T≈ . This is further justified by Fig. 6(c), which shows spectra of the pillars, this time 
with gold residing only between pillars. Since this hole array, only very roughly represents 
the Babinet complementary of the discs on pillars, only a very rough qualitative Babinet 
asymmetry of this spectrum and that shown in Fig. 6(b) occurs, at least for large pillar 
diameters. 
Figure 6(d) shows transmittance spectra of our completed VCPA, the same data as those 
in Fig. 2(b), but plotted vs wavelength to emphasize the spectral features in the low frequency 
region. Two features are clear in these spectra: sharpening of the broad-asymmetric peaks for 
large wavelengths 3000 nm> , and suppression of sharp-symmetric transmission peaks at 
small wavelengths 2000 nm< . Both effects are hidden in Eq. (2). To show that, consider first 
a simple model of Tdisc, which roughly resembles the step-like line (for 706 nmd = ) in Fig. 
6(b): 
0discT =  for 0λ λ< , and ( )( )01discT exp β λ λ= − − −  for 0λ λ≥ , where 0  2500 nmλ = . 
After inserting this into Eq. (2) one gets ( )( ) ( )( )0 01   T exp expβ λ λ β λ λ = − − − − −   which 
has a well-defined peak, with maximum located at 0 ln 2 / maxλ λ β= + . To illustrate the second 
effect, we assume that 
idisc
T λ λδ −= , i.e. it is a very sharp symmetric resonance represented by 
a Kronecker delta. 
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 Fig. 5. Babinet complementary arrays of holes (blue lines) and discs (red lines) on Si for 
various d and fixed 784 a nm= . (A) 470 nm (B) 549 nm (C) 627 nm (D) 706 nm. 
After inserting to Eq. (2), one gets 0T = , i.e. a complete suppression of that peak in this 
model. This effect has been employed in a design of a somewhat similar VCPA structure used 
to covertly encode images [31]. 
4. Conclusion 
The optical properties of hexagonal ordered vertically coupled plasmonic arrays were 
investigated in the infrared range. The VCPAs exhibit an extra ordinary transmission at a 
plasmon resonance. We show by simulation and an analytical estimate, that the main control 
parameter for the plasmonic response is the pillar diameter. In the interaction domain, 
plasmon resonance maxima redshift with decreasing distances between discs and the 
complementary holes. Due to the underlying Babinet physics of these coupled arrays, the 
spectral width of these plasmonic resonances is strongly reduced, and the higher harmonics 
are suppressed. Also, we demonstrate that this structure can be easily produced by a 
combination of the nanosphere lithography and the metal assisted chemical etching. These are 
attractive features for device applications. 
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 Fig. 6. Transmittance versus wavelength for our structures with for various pillar diameters d 
and with fixed 200 nmh =  and 784 nma = . (A) pillars alone, (B) gold discs on top of pillars, 
(C) gold only on the bottom, with pillars protruding (no discs), and (D) structure with both 
arrays present: discs on top of pillars, and the Babinet complementary array at the pillar 
bottom. 
5. Appendix 
To investigate the origin of the VCPAs resonances at wavelengths below 2500 nm, we 
performed calculations of reference systems, i.e. the same geometries without any plasmonic 
slabs and with only one of both plasmonic slabs respectively (Fig. 7). A complex photonic 
response can be observed for hexagonally ordered silicon pillar arrays without plasmonic 
slabs (Fig. 7(a)) with several maxima and minima for small wavelengths. Clearly, the 
resonances blue shift for smaller pitches and the amplitude becomes more pronounced. These 
features have previously been assigned to different photonic modes and appear throughout all 
spectra. The optical response with metal discs atop the silicon pillars shows a plasmon 
resonance which appears as a minimum in transmission with red shift for increasing a (Fig. 
7(b)). The photonic modes appear as superpositions on the plasmonic resonance. The optical 
response of the perforated metal film embedded into the foundation between the silicon pillar 
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arrays is shown in Fig. 7(c). Peaks assigned to extraordinary enhanced transmission are 
observed on the low wavelength side together with superposed minima originating from the 
photonic modes of the silicon pillar arrays. The dependence of the VCPA optical resonance 
on the diameter is shown in Fig. 7(d). 
 
Fig. 7. Transmittance versus wavelength for our structures with for various array pitches a and 
with fixed 200 nmh =  and 627 nmd = . (A) pillars alone, (B) gold discs on top of pillars, (C) 
gold only on the bottom, with pillars protruding (no discs), and (D) structure with both arrays 
present: discs on top of pillars, and the Babinet complementary array at the pillar bottom. 
They exhibit a plasmon resonance independent of the pitch diameter for large enough 
separation of the individual pillars and the photonic modes appear as shoulders or as a small 
modulation of the main resonance for small wavelengths. Finally, the optical response in 
dependence of the pillar height is shown in Fig. 8. The spectra for the silicon pillars are 
governed by photonic modes below 2500 nm and a strong transmission appearing at around 
2500 nm (Fig. 8(a)). The main maxima red shifts with larger pillar heights and the absolute 
transmission reaches up to 100%. A system with discs on top of the pillars (Fig. 8(b)) and a 
perforated gold film at the base of the film (Fig. 8(c)) shows a strong superposition of the 
main maxima with the plasmonic response. The optical response of the VCPAs dependends 
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on the pillar height (Fig. 8(d)) where the photonic mode appears as shoulder on thw low 
wavelength side of the plasmon resonance. 
 
Fig. 8. Transmittance versus wavelength for our structures with for various pillar heights h and 
with fixed 784 nma =  and 627 nmd = . (A) pillars alone, (B) gold discs on top of pillars, (C) 
gold only on the bottom, with pillars protruding (no discs), and (D) structure with both arrays 
present: discs on top of pillars, and the Babinet complementary array at the pillar bottom. 
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